Aggressive tumor cells express a plastic, multipotent phenotype similar to embryonic stem cells. However, the absence of major regulatory checkpoints in these tumor cells allows aberrant activation of embryonic signaling pathways, which seems to contribute to their plastic phenotype. Emerging evidence showing the molecular cross-talk between two major stem cell signaling pathways Nodal and Notch suggests a promising therapeutic strategy that could target aggressive tumor cells on the basis of their unique plasticity, and provide new insights into the mechanisms underlying the reemergence of developmental signaling pathways during tumor progression.
Introduction
It is becoming increasingly clear that regulators of cell fate during embryonic development may also play a role during tumorigenesis. Notch and Nodal are two examples of such regulators. Nodal, a member of the transforming growth factor (TGF)-beta family of proteins, is involved in stem cell maintenance and differentiation, and shown to be associated with cancer progression (1, 2) . Notch is an evolutionary highly conserved transmembrane receptor involved in cellular proliferation and differentiation, which is often exploited by cancer cells to promote tumorigenesis and metastasis (3) . This review will summarize the role of Notch and Nodal during normal development and cancer, and speculate about the molecular cross-talk between these two signaling pathways in cancer resulting in possible targets for novel therapy.
Nodal and Notch Signaling
Typically, Nodal signals by binding to its co-receptor Cripto-1 and with type I (ALK4/7) and type II (ActRIIB) activin-like kinase receptors ( Fig. 1A; ref. 1 ). This results in activation of the smad2/3/ 4 complex, which translocates to the nucleus where it regulates gene expression by associating with transcription factors including FoxH1 and Mixer (Fig. 1A) . Nodal can induce its own transcription as well as the transcription of its inhibitor Lefty (4). The Lefty isoforms, A and B, like Nodal, are TGF-beta family members, and specifically antagonize Nodal signaling by directly binding to Nodal and/or to Cripto-1, thus preventing activation of the ALK receptor complex (Fig. 1A) .
Canonical Notch signaling is activated upon binding of Notch receptors (Notch 1-4) with their ligands (Delta-like1, 3, and 4, and Jagged1 and 2) expressed on adjacent cells (Fig. 1A; ref. 3). The binding of Notch with its ligands triggers a series of proteolytic cleavages resulting in the release of the Notch intracellular domain (NICD) capable of binding to the CSL (CBF1/RBPjk in vertebrates, Suppressor of Hairless in Drosophila, Lag-1 in Caenorhabditis elegans) DNA binding protein (3) . In the absence of NICD, CSL inhibits transcription by associating with co-repressor proteins. NICD activates transcription by competing with these repressor proteins and facilitating the binding of activator complexes to CSL (Fig. 1A ). This activating complex is then capable of transcribing target genes including Hes and Hey, and genes implicated in cancer development, such as c-myc, cyclin D1, and p21/Waf1 (3).
Evidence from developmental studies has shown that Notch signaling regulates Nodal expression during the establishment of vertebrate left-right asymmetry (5) . In fact, Nodal has been identified as a direct target of Notch activity, and, through promoter analysis, common putative CSL binding sites required for specific Nodal expression around the node have been described (and subsequently in the left lateral plate mesoderm; Fig. 1B ).
Nodal and Notch in Cancer
Nodal was shown to be expressed in human breast carcinoma cell lines, but poorly expressed in normal mammary epithelial and myoepithelial cells, and intensity of Nodal staining was found to correlate with breast carcinoma progression (6) . Whereas Nodal was not detected in normal melanocytes and poorly expressed in noninvasive melanoma, Nodal was robustly expressed in invasive and metastatic melanoma (2) . Notch signaling has also been associated with a number of human cancers including leukemia and cancers of the colon and breast (7) . However, the oncogenic role for Notch seems to be more complex. For instance, in breast cancer, Notch-2 functions as a tumor suppressor, whereas other Notch receptors are oncogenic (8); yet, in brain tumorigenesis, Notch-2 acts as an oncogene, whereas Notch-1 has the opposite effect (9) . In the skin, Notch can induce cell cycle arrest and differentiation of keratinocytes (10), but promote melanocytic stem cell survival and melanoma tumorigenesis (11) . Given the role for Nodal in melanoma and the observation that perturbation of Notch signaling in the skin can result in malignancies including melanoma (11) , it is possible that molecular cross-talk exists between Nodal and Notch signaling in human melanoma. Evidence from developmental studies describe a role for Notch in regulating expression of Nodal that is supported by the presence of two CSL binding sites in the Node Specific Enhancer, a transcriptional regulatory region for Nodal shown to respond to Notch signaling (3 for targeting Notch signaling at different points of its pathway in various Notch-expressing cancers, including breast cancer, myeloma, and leukemia (12) . A commonly studied target in these studies is gamma-secretase, whose inhibitors (GSIs) can affect Notch signaling by preventing cleavage of the active NICD. For example, GSI was capable of inducing apoptosis in Notch expressing human aggressive melanoma cells but not in melanocytes (13) . However, the potential for undesirable effects, given the physiologic role of gamma-secretase (or Notch signaling) in normal tissues or organs, remains a concern.
Other studies have targeted Nodal signaling pathway using small molecule ALK receptor inhibitors, or by directly inhibiting Nodal with human embryonic stem cell (hESC)-derived Lefty or antiNodal morpholino, and showed redifferentiation and suppression of tumorigenesis in Nodal-expressing human metastatic melanoma cells (5, 6) . More recently, an anti-Nodal function blocking antibody was shown to inhibit vasculogenic mimicry of aggressive melanoma cells in vitro. Long-term exposure to the anti-Nodal antibody induced apoptosis in human melanoma cells in an in vivo mouse lung colonization assay (14) . Because Nodal expression seems to be limited predominantly to cancer cells in adult tissues (5) , and there is evidence for cross-talk between the Nodal and Notch signaling pathways, it may be possible to specifically target both these pathways in cancer cells in a ''two-for-one'' hit strategy, whereby inhibition of the Notch pathway may affect Nodaldependent signaling and vice versa. In fact, knockdown experiments using specific Notch siRNAs showed that Notch4 knockdown was associated with reduced Nodal levels in human aggressive melanoma cells (15) . Furthermore, ongoing studies from our laboratory have shown a connection between expression of Cripto-1, the Nodal co-receptor, and increased expression of Notch-4 in human melanoma cells. Particular miRNAs involved in tumorigenesis and progression of certain human cancers are continuously being identified. Recently, numerous miRNAs that are upregulated or downregulated in melanoma cells and specific miRNAs associated with malignant progression of melanoma have been described (19) . When human melanoma cells were cultured on hESC conditioned matrix (CMTX) containing hESC-derived Lefty (Fig. 1C) , the expression of Nodal in the melanoma cells was dramatically downregulated, as these cells acquired a less aggressive and more differentiated phenotype (5) . This significant reduction of Nodal was also accompanied by reduced expressions of Notch4 and miR-145, and increased levels of miR-302a. 4 Interestingly, miR-145 is one of several miRNAs associated with early progression of melanoma (19) . In addition to potential regulation of Nodal signaling, as mentioned above, members of the miR-302 cluster have been shown to reprogram cancer cells into slowly proliferating ES-like cells, by inhibiting cell cycle regulators such as cyclin D1, a target of Notch signaling (Fig. 1A; ref. 20) . Further studies will identify other candidate miRNAs induced by the stem cell microenvironment that may be involved in regulating plasticity and aggressiveness of melanoma cells by disrupting Nodal-or Notch-dependent oncogenic effects.
Significance and Implications
The importance of embryonic signaling pathways in cancer biology has gained considerable attention. Studies show that cancer cells can exploit developmental signaling pathways to facilitate proliferation and metastatic spread. Nodal and Notch are involved in normal development and have emerged as markers and mediators of tumor progression as well. Importantly, studies suggest that these critical pathways converge at the transcriptional level and that epigenetic factors, including miRNAs, may regulate the aberrant expression of these proteins. Preliminary evidence suggests that it is possible to target Nodal-expressing cancer cells with anti-Nodal function blocking antibodies. The specific expression of Nodal in cancer cells could be exploited to target delivery of anti-Notch or other therapeutics directly to cancer cells without affecting normal surrounding cells. Newly emerging technologies such as nanoparticles hold promise as delivery tools for simultaneously targeting Nodal and Notch. The identification of epigenetic and genomic alterations that facilitate the re-emergence of developmental signaling pathways and levels of potential crosstalk add a new dimension to the targeting strategy for therapeutic interventions of cancer.
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